Studies in experimental traumatic brain injury (TBI) support a key role for oxidative stress. The degree of oxidative injury in clinical TBI, however, remains to be defined. We assessed antioxidant defenses and oxidative stress in pediatric TBI by applying a comprehensive battery of assays to cerebrospinal fluid samples. Using a protocol approved by our institutional review board, 87 cerebrospinal fluid samples from 11 infants and children with severe TBI (Glasgow Coma Scale score Յ8) and 8 controls were studied. Cerebrospinal fluid was drained as standard care after TBI. CSF was assessed on d 1, 2, and 5-7 after ventricular drain placement. Biochemical markers of oxidative stress included F 2 -isoprostane and protein sulfhydryl (detected by ELISA and fluorescence assay, respectively). Antioxidant defenses were measured by determination of total antioxidant reserve (via chemiluminescence assay), and ascorbate (via HPLC) and glutathione (via fluorescence assay) concentrations. Free radical production (ascorbate radical) was assessed by electron paramagnetic resonance spectroscopy. F 2 -isoprostane was markedly increased versus control, maximal on d 1 (93.8 Ϯ 30.8 pg/mL versus 7.6 Ϯ 5.1 pg/mL, p Ͻ 0.05). Total antioxidant reserve was reduced versus control. Reduction was maximal on Abbreviations TBI, traumatic brain injury CSF, cerebrospinal fluid EPR, electron paramagnetic resonance spectroscopy LMWA, low-molecular-weight antioxidants SOD, superoxide dismutase GSH, glutathione GCS, Glasgow Coma Scale AAPH, 2,2'-azobis(2-amidinopropane)dihydrochloride Trauma is the leading cause of death in children. Severe TBI is an important contributor to this mortality and to associated morbidity. TBI triggers a pathway of neuronal death involving loss of cellular calcium homeostasis, tissue acidosis, and oxidative stress (1). Data from experimental TBI support an important role for oxidative injury in early neuronal and vascular damage after TBI (2-5), as well as in secondary delete- 
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Free radical production is common to a number of biochemical pathways that are activated in a variety of TBI models. These involve the eicosanoid cascade (via phospholipase A 2 and cyclooxygenase-2), activation of N-methyl-D-aspartate, and other excitatory amino acid receptors with accumulation of intracellular calcium and release of cytokines (11) . Because all of these pathways result in the production of free radicals, it is likely that free radicals play a central role in mediating secondary damage. The brain is particularly vulnerable to oxidative stress because of its high rate of oxidative metabolic activity, intense production of reactive oxygen metabolites (mandating a high antioxidant capacity) (12) , nonreplicating nature of neurons, and high membrane-to-cytoplasm ratio (13) . High levels of polyunsaturated fatty acids in the membrane lipids of the brain are a source for lipid peroxidation reactions (14) . The brain also contains high levels of transition metals, such as iron, that are capable of catalyzing the production of reactive radicals (15) . Free radicals have been shown to affect not only classical targets such as lipids and proteins, but also gene transcriptional processes associated with pathologic events. Activator protein-1 and nuclear factor-B, both transcriptional factors, are activated by free radicals (16, 17) . In addition, several cell-regulatory mechanisms are known to be affected by oxidative stress (18) . Dysregulation of both cellular homeostasis and intracellular transduction cascades because of the oxidative damage to calmodulin-regulated enzymes has been reported (19) .
Antioxidants act in a concerted way in normal brain. Trauma not only eliminates regulation of antioxidant mechanisms but may also convert these mechanisms into pro-oxidant ones through its ability to disrupt fine compartmentalization. Brain tissue contains various types of antioxidants. The antioxidant system can be classified into two major groups: enzymes and LMWA. The enzymes include a limited number of proteins, SOD, catalase, and peroxidase, as well as some supporting enzymes. The levels of the enzymes vary in different brain regions and among various species (14) . The protective role of endogenous antioxidant enzymes in ischemic brain injury was shown by Chan (20) . Transgenic mice overexpressing copperzinc SOD and anti-apoptotic Bcl-2 were found to be protected in a model of brain ischemia/reperfusion injury, whereas knockouts, deficient in SOD, were more vulnerable to ischemic injury.
The LMWA in the brain include a concerted system of water-and lipid-soluble molecules like GSH, ascorbic acid, histidine-related compounds (carnosine, homocarnosine, and anserine), melatonin, uric acid, lipoic acid, and tocopherols (vitamin E) (14) . These are extremely important in minimizing oxidative stress. However, the cell can synthesize only a limited number of these molecules (i.e. GSH, carnosine). The majority of LMWA are derived from dietary sources. Notably, the ascorbate concentration is unusually high in the brain (15) .
A number of therapeutic approaches based on scavenging free radicals have been attempted in both experimental (21) (22) (23) (24) and clinical (25) TBI. The efficacies of SOD and catalase are limited by their inability to cross the blood-brain barrier and penetrate cells (21, 26) . Although tirilazad mesylate has been shown to be effective in experimental models of cerebral ischemia (27) , subarachnoid hemorrhage (28) , and hypovolemic shock (29) , it showed largely negative results in the treatment of severe TBI in adult patients (30, 31) .
Based on previous work done by our group showing significantly enhanced generation of lipid peroxidation products and consumption of antioxidants after experimental TBI in rats (9), we hypothesize that severe TBI in infants and children results in a reduction in total antioxidant reserve, ascorbate, and GSH concentration, whereas protein oxidation and levels of F 2 -isoprostane, a specific marker of lipid peroxidation, are increased in CSF versus control.
In the present study, we report marked and sustained decreases in total antioxidant reserve, ascorbate, and GSH concentration after TBI. Similarly, we provide evidence of free radical-mediated lipid peroxidation and protein oxidation in CSF after severe TBI in infants and children. To our knowledge, this is the first comprehensive study of total antioxidant reserve and markers of oxidative injury in either pediatric or adult TBI. Our findings suggest the need for additional investigations into the role of therapies targeting free radicalmediated damage in experimental and clinical TBI. Finally, the CSF markers used in this study could be used to assess the effect of therapies on oxidative stress after TBI in patients.
METHODS
Patient selection and data collection. This study was approved by the Institutional Review Board of the Children's Hospital of Pittsburgh, and informed consent was obtained from parents for sample collection. All patients with severe TBI (GCS score Յ 8) admitted to the Children's Hospital of Pittsburgh were treated with ventricular catheter insertion, and CSF was drained continuously. In accordance with our TBI treatment protocol, all patients were also intubated and mechanically ventilated to a partial pressure of CO 2 , arterial, of 30 -35 mm Hg. They received sedation with narcotics (fentanyl or morphine sulfate) and pharmacological paralysis with vecuronium bromide to keep their intracranial pressure and cerebral perfusion pressure in the age-appropriate target range. Barbiturates were used as needed for refractory intracranial hypertension. One patient in the study was treated with therapeutic hypothermia (32-33°C) as part of a randomized controlled trial. CSF samples (n ϭ 87, 0.5 mL) from 11 infants and children with severe TBI, collected at the time of intraventricular catheter insertion and then daily until the time of catheter removal, were studied. Control CSF samples were obtained from eight age-matched controls who underwent lumbar puncture to rule out meningitis. None of these patients had evidence of meningitis (as determined by negative cultures and lack of pleocytosis), TBI, hypoxia-ischemia, or seizures. Samples were centrifuged for 10 min at 5000 ϫ g and immediately frozen at Ϫ70°C until the time of analysis.
Demographic and clinical parameters [age, gender, mechanism of injury (accident versus abuse), admission GCS score, and outcome (survival versus death)] were recorded for each patient. Appropriate safeguards were in place for patient confidentiality, all samples were coded, and patients' names were maintained in a locked file.
Determination of F 2 -isoprostane. CSF F 2 -isoprostane content was measured by a commercial enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI, U.S.A.) with a detection limit of 2 pg/mL. To exclude interference of CSF with F 2 -isoprostane measurements, values were obtained in two series of determinations carried out in either standard buffer or in CSF samples spiked with known amounts of F 2 -isoprostane. No difference in results between these two approaches was found.
Fluorescence assay of protein sulfhydryls and GSH. The concentration of sulfhydryl groups (GSH plus protein sulfhydryl groups) in CSF samples was determined using ThioGlo-1 (Convalent Associates, Inc., Woburn, MA), a maleimide reagent that produces a highly fluorescent product upon its reaction with sulfhydryl groups (32) . A standard curve was established by addition of GSH (0.04 -4 M) to 50 mM disodium phosphate buffer (pH 7.4) containing 10 M ThioGlo-1. GSH content was estimated by an immediate fluorescence response observed upon addition of ThioGlo-1 to CSF. Levels of total protein sulfhydryls were determined as an additional fluorescence response after addition of 4 mM SDS to the same sample. A Cytofluor 2350 fluorescence plate reader (Millipore Corporation, Marlborough, MA, U.S.A.) was used to detect fluorescence using excitation and emission wavelengths of 388 nm and 500 nm, respectively. The data acquired were exported from the spectrophotometer using Cytofluor software.
Chemiluminescence measurements of total antioxidant reserve in CSF. Total antioxidant reserve in CSF was assayed by chemiluminescence produced in the presence of luminol and a source of peroxyl radicals, as described by Tyurina et al. (33) . A water-soluble azo-initiator, AAPH, was used to produce peroxyl radicals at a constant rate. Oxidation of luminol (400 M) by AAPH-derived peroxyl radicals in 50 mM disodium phosphate buffer (pH 7.4) at 37°C was assayed by monitoring the chemiluminescence response. The reaction was initiated by addition of AAPH. A delay in the chemiluminescence response, which is caused by interaction of endogenous antioxidants with AAPH-derived peroxyl radicals, was observed upon addition of CSF. Based on the known rate of peroxyl radical generation by AAPH, the amount of peroxyl radicals scavenged by endogenous antioxidants was determined. A Microlite ML 1000 microtiter plate luminometer (Dynatech Labs, Chantilly, VA, U.S.A.) was used for these determinations.
HPLC assay of ascorbate. Supernatant obtained after precipitation of proteins by 10% trichloroacetic acid and sedimentation (2000 g ϫ 10 min) was used for HPLC measurements. A Hypersil column (5-m particle size, 4.6 ϫ 200 mm; Hewlett Packard, Palo Alto, CA, U.S.A.) and a mobile phase of 1:24 methanol-water adjusted to pH 3.0 by acetic acid at a flow rate of 1.0 mL/min were used. A Shimadzu LC-10A HPLC system was used with an LC-600 pump and an SPD-10A UV detector (all from Shimadzu, Kyoto, Japan; detection was by absorbance at 264 nm). Under these conditions, the retention time for ascorbate was 3.1 min. The ascorbate peak was completely eliminated by the addition of ascorbate oxidase to CSF.
EPR measurements of ascorbate radical formation. EPR measurements of ascorbate radicals were performed using a JEOL-RE1X spectrometer (JEOL, Tokyo, Japan) at 25°C in gas-permeable Teflon tubing (0.8 mm internal diameter, 0.013 mm thickness; Zeus Scientific, Raritan, NJ, U.S.A.). The tube (~8 cm in length) was filled with 60 L of CSF, folded, and placed in an open 3 mm internal diameter EPR quartz tube in such a way that all of the sample was within the effective microwave irradiation area. The spectra were recorded at 3351 G center field, 10 mW power, 0.79 G field modulation, 50 G sweep width, 4000 receiver gain, and 0.1 s time constant. Spectra were collected using EPRware software (Scientific Software Services, Bloomington, IL, U.S.A.).
Statistical analysis. Data are shown as mean Ϯ SEM. Differences in antioxidant reserves and markers of oxidative stress were determined using ANOVA and the StudentNewman-Keuls test for posthoc comparison between TBI and control in each case. Statistical significance was set at p Ͻ 0.05. 
RESULTS

Patient Demographics
Demographic and clinical parameters of TBI patients are shown in Table 1 . Age ranged from 2 mo to 16 y. There were five male and six female patients. Mechanism of injury included both accidental injury and child abuse. Initial GCS score ranged from 3 to 8. Nine patients out of 11 survived.
Biochemical Markers of Oxidative Stress
in CSF after TBI F 2 -isoprostane. F 2 -isoprostanes are bioactive cyclopentanone prostaglandin-like compounds produced in vivo by free radical peroxidation of arachidonyl-containing lipids, and represent the most reliable lipid biomarker of oxidative stress (34). F 2 -isoprostane levels in CSF were 9-fold higher in subjects on d 1 after TBI (93.8 Ϯ 30.82 pg/mL) compared with controls (7.62 Ϯ 1.79 pg/mL, p Ͻ 0.05) (Fig. 1) . The content of F 2 -isoprostane in CSF obtained from control subjects was similar to that previously reported (35) . The concentrations of F 2 -isoprostane were 2.5-and 4-fold higher than control on d 2 and d 5-7 after TBI, respectively.
Protein sulfhydryl oxidation. Free radical attack on proteins results in oxidation of their sulfhydryl groups. CSF concentration of protein sulfhydryls was about 3-fold lower on d 5-7 (5.57 Ϯ 1.08 nmol/mg protein) after TBI than controls (13.5 Ϯ 3.2 nmol/mg protein), however, this difference was not statistically significant (Fig. 2) .
Antioxidant Status of CSF after TBI
Total antioxidant reserve. The lag period produced by CSF from control subjects was significantly greater than that observed in the presence of CSF from TBI patients at all times after injury, indicating depletion of antioxidant reserve after TBI (Fig. 3a) . The luminol-enhanced chemiluminescence assay revealed a 25-50% reduction in total antioxidant reserve versus control. Sustained depletion of total antioxidant reserve was suspected because the greatest decrease was observed on d 5-7, compared with controls (Fig. 3b) .
Ascorbate. Ascorbate concentrations, analyzed by HPLC, in CSF were 3-, 8-, and 10-fold lower in subjects on d 1 (52.98 Ϯ 8.0 (Fig. 4) . The concentration of ascorbate in CSF obtained from control subjects was similar to that previously reported (36) . (Fig. 5) . The content of GSH in CSF obtained from control subjects was similar to that previously reported (37) .
Detection of Ascorbate Radicals in CSF after TBI
In light of our results showing both accumulation of biomarkers of oxidative stress and depletion of antioxidant reserves in CSF after TBI, we also attempted to directly detect formation of free radicals in CSF after TBI. Generation of ascorbate radical is regarded as a marker of free radical-mediated oxidative stress (38) . We anticipated that ascorbate radical could be detected in CSF because ascorbate oxidation was occurring as a result of TBI. Typical spectra for ascorbate radicals detected by ESR are shown in Figure 6 . Relatively large ascorbate radical signals were detectable in CSF from TBI patients. In control patients, ascorbate radical signals had a wide range in magnitude but generally tended to be smaller than TBI patients. Two types of responses were detected in EPR spectra of CSF from TBI patients. First, a large ascorbate radical signal was detected, which decreased slowly over time by factor(s) oxidizing ascorbate. When deferoxamine (an iron chelator) and bathocuproine sulfonate (a copper chelator) were sequentially added to CSF, in an effort to delineate possible free transition metal ions causing ascorbate oxidation, the magnitude of the signal did not change (data not shown), implying that factors other than free transition metal ions were responsible for ascorbate oxidation. In other TBI cases, ascorbate radical signal was not detected by EPR in CSF, presumably because the ascorbate concentration in the sample was very low. Supporting this possibility, a good correlation between ascorbate concentration and magnitude of ascorbate radical signal was observed in TBI samples (Fig. 7) . These data are consistent with marked oxidative stress after TBI and an important antioxidant response to this oxidative stress by ascorbate.
DISCUSSION
Biomarkers of oxidative stress in CSF after TBI. Enhanced oxidative stress associated with increased production of free radicals has been implicated in experimental TBI-induced disruption of neuronal homeostasis (7, 9, 10, 39) . Detailed quantitative assessments of biomarkers of oxidative stress as well as depletion of antioxidant reserves after TBI in humans, however, have not been conducted. The nature of free radical intermediates generated and the sources of free radicals have also not been identified. Therefore, we designed a comprehensive study of clinical TBI-induced oxidative stress, including evaluation of several biochemical markers of oxidative stress coupled with assays of antioxidant reserve, individual antioxidants, and free radical intermediates in CSF. Overall, our findings clearly demonstrate that TBI is accompanied by accumulation of biomarkers of oxidative stress in lipids and severe depletion of antioxidant reserves, including ascorbate.
We found that in CSF the content of F 2 -isoprostane was markedly increased after TBI compared with control on d 1, and remained higher than control throughout the study period.
Advantages to quantifying F 2 -isoprostanes as an index of oxidative stress are their specificity for lipid peroxidation, their chemical stability, and the small CSF volumes (50 L) required for their detection. Interestingly, the only patient who had levels of F 2 -isoprostane comparable to controls was treated with therapeutic hypothermia. Therapeutic hypothermia is known to decrease oxidative damage (40) .
The amount of protein sulfhydryl groups in CSF on d 1 and 2 after TBI was comparable to that in controls. This could be explained by possible regeneration of protein sulfhydryl groups. However, protein sulfhydryl concentration tended to decrease on d 5-7 after TBI compared with controls, indicating a decrease in protein sulfhydryl regeneration, likely related to the progressive decrease in antioxidant reserves after TBI.
Antioxidant reserves in CSF after TBI. Total antioxidant reserves in CSF were depleted throughout the study period. A similar time course was also observed for ascorbate. In a previous study by Brau et al. (41) , a 2.5-to 3-fold decrease in ascorbate concentration was shown in five adult TBI patients. There is a high concentration of ascorbate in both the gray and white matter of the brain, and the choroid plexus has a specific active transport system that increases ascorbate concentrations in CSF to a level several times higher than plasma (42) . Ascorbate is highly effective in trapping free radicals and preventing the formation of lipid hydroperoxides (43) that can be generated during TBI. Ascorbate also acts as a neuromodulator, facilitating the release of neurotransmitters and inhibiting neurotransmitter binding to receptors (44) .
However, in vitro, ascorbate can also exert pro-oxidant properties. In the presence of free iron or copper ion, this pro-oxidant activity derives from the ability of ascorbate to reduce iron(III) and copper(II) to iron(II) and copper(I), respectively, and to generate reactive oxygen-derived species (45) . A major factor favoring pro-oxidant effects of ascorbate would presumably be the availability of catalytic free transition metal ions. Brain injury can lead to release of catalytic transition metal ions (15) . Thus, after TBI it is possible that ascorbate could exert pro-oxidant effects. Indeed, it can be argued that the decline in ascorbate during oxidative stress is beneficial not only because ascorbate is helping to scavenge radicals and recycle ␣-tocopherol, but also because ascorbate removal minimizes its potential pro-oxidant interactions with metal ions released by tissue damage. Opposing this possibility, a prooxidant interaction of ascorbate with free transition metal ions in CSF, as assessed by addition of deferoxamine and bathocuproine sulfonate, was not detected in our experiments.
The marked decrease in CSF ascorbate concentrations after TBI in our study may have other possible explanations. First, TBI might disrupt the blood-brain barrier and decrease the concentration gradient for ascorbate accumulation. As previously stated, brain tissue ascorbate concentration is greater than in plasma, and movement of ascorbate from brain to blood could occur. Second, because patients are not fed until 48 -72 h after TBI in our institution and standard intensive care unit protocol in our center includes addition of ascorbate to parenteral nutrition every other day, low plasma levels of ascorbate could contribute to sustained decreases in CSF levels. This alternative seems to be an unlikely contributing factor. The 
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TBI patients were studied over the first 7 d after injury. The biologic half-life of ascorbate, which is inversely related to the daily intake, is 14 -40 d in humans with normal intake. However, the half-life of ascorbate in the brain during conditions of increased oxidative stress is unknown. In future studies, we plan to measure plasma and CSF levels of ascorbate concurrently in TBI patients treated with current standard of care versus addition of supplemental ascorbate. Third, trauma could induce cerebral energy failure, reducing the transport of ascorbate at the choroid plexus. To our knowledge, there are no experimental data to support this alternative. Fourth, ascorbate may have been consumed by the free radicals associated with TBI. This would be the most likely scenario and one that provides a unifying explanation for all of the results of this study.
GSH content in CSF increased initially and then decreased below control levels on d 5-7 after TBI. This may be explained by the initial release of GSH into CSF from injured cells followed by progressive oxidative loss. One would also expect GSH to be depleted eventually in the restoration of brain ascorbate levels. This recycling mechanism is critical in maintaining ascorbate levels by reducing ascorbate radical at the expense of GSH consumption (46) . This reaction is dependent on the concentration of these antioxidants and/or the enzymes that maintain them in their reduced form (47) .
Free radical intermediates in TBI. The results in laboratory models of brain injury (9, 39) and our findings in clinical TBI demonstrate that enhanced formation of ascorbate radicals is a characteristic feature of TBI. Our previous work in experimental TBI also showed that depletion of ascorbate is a prerequisite for detection of other radicals by spin trapping. Ascorbate is the primary antioxidant essential for protection of the brain against TBI-induced oxidative stress (9) . Hence, monitoring of ascorbate depletion and ascorbate radical production in the brain during oxidative insult may be a valuable method for assessment of antioxidant status and degree of oxidative injury.
Clinical implications. To date, there have been no comprehensive studies assessing the occurrence of free radical intermediates and endogenous defense mechanisms that protect against oxidative stress in CSF after TBI in either adults or infants and children. Antioxidants are ultimately reductants (electron donors) that may and will be consumed unless the major cause of oxidative stress is established and eliminated. Two large clinical trials in TBI using antioxidants (PEG-SOD and tirilazad) showed largely negative results (25, 30) . However, these two agents appear to have very limited brainpenetrating ability (48) . Unfortunately, no confirmation of a reduction in oxidative stress or free radical damage with treatment was shown in these studies. Indeed, free radicalrelated biochemical markers were not addressed. Our findings suggest that quantification of biomarkers of oxidative stress and antioxidant status of CSF may reflect severity of TBI and provide a rational basis for selection, evaluation, and monitoring of antioxidant strategies such as brain-penetrating antioxidants (i.e. nitroxides) or other therapies such as hypothermia, anti-excitotoxic, anti-apoptotic and anti-inflammatory agents for clinical trials in TBI.
Limitations of the study. Despite the small sample size and considerable variability in patient age, mechanism of injury, and treatment, statistical significance was achieved between patients with TBI and controls for all the measurements except protein sulfhydryls. This highlights the robust nature of the alterations in markers of oxidative damage after TBI. In our study sample (n ϭ 11 patients), two children died and two infants suffered from child abuse, limiting the analysis of the relationship of oxidative stress to outcome and/or mechanism of injury. Further studies with a larger sample size, including a comprehensive analysis of biochemical data as it relates to outcome, mortality, mechanism of injury (accidental trauma versus child abuse), and age, are needed. In future studies, the association between oxidative stress and physiologic parameters such as intracranial pressure, cerebral perfusion pressure, and cerebral blood flow should also be assessed using serial samples of CSF and online acquisition of physiologic data at the bedside. With a larger population size, these findings may be directly related to either severity of injury or outcome. In addition, the impact of CSF drainage on these markers remains to be investigated because large volumes of CSF drainage are frequently seen as part of the treatment of these infants and children with severe TBI. Assessment of the relationship between markers of oxidative stress and associated mechanisms of secondary damage such as apoptosis (49) , excitotoxicity (50) , and inflammation (1) could also be revealing.
We used CSF samples taken from different sitesventricular or lumbar. We understand that the control CSF samples were not ideal. These were the best samples that could be obtained, however, because it would have been unethical to perform simultaneous lumbar and ventricular sampling in patients in this study. In addition, in children without TBI, ventriculostomies are placed for treatment of hydrocephalus, for ventriculoperitoneal shunt revision in the settings of infection or shunt failure, and after surgical resection of brain tumors. Because abnormal values for oxidative stress and other markers have been reported in each of these conditions (51, 52) , they represent poor controls. Shunt failure often has a component of compression ischemia, and tumors and infections are associated with increases in CSF levels of biochemical markers of oxidative stress (51, 52) . Finally, many of the biomarkers assessed in our study demonstrated a clear time course within the injury group, with temporary increases or decreases. Taken together, all of these factors argue strongly against artifactual derangements in markers of oxidative stress and/or antioxidants as a result of the use of ventricular samples.
CONCLUSIONS
Severe TBI in infants and children is accompanied by marked and progressive compromise of antioxidant defenses and free radical-mediated lipid peroxidation, suggesting that these markers could be used to assess the effect of therapies on oxidative stress in patients after TBI. Defining the role of oxidative stress in the pathophysiology of TBI in infants and children could help with the development of novel, clinically applicable therapies.
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